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We report chain self-diffusion and viscosity data for sodium polystyrene sulfonate (NaPSS) in semidilute salt-
free aqueous solutions measured by pulsed field gradient NMR and rotational rheometry respectively. The
observed concentration dependence of η and D are consistent with the Rouse-Zimm scaling model with a con-
centration dependent monomeric friction coefficient. The concentration dependence of the monomeric friction
coefficient exceeds that expected from free-volume models of diffusion, and its origin remains unclear. Corre-
lation blobs and dilute chains with equivalent end-to-end distances exhibit nearly equal friction coefficients,
in agreement with scaling. The viscosity and diffusion data are combined using the Rouse model to calculate
the chain dimensions of NaPSS in salt-free solution, these agree quantitatively with SANS measurements.
I. INTRODUCTION
Polyelectrolytes are essential components of living sys-
tems, where they form interpenetrating networks that
impart mechanical integrity to biological tissue. Un-
derstanding the structure and dynamics of polyelec-
trolytes networks is an important step towards unrav-
elling complex transport phenomena in biological envi-
ronments, which underpin many physiological processes
such as muscle contraction, nerve signalling or joint
lubrication.1–3
The strong, long ranged electrostatic interactions be-
tween like-charged chains means that polyelectrolyte so-
lutions and gels are highly correlated systems4–14, for
which the success of mean field theories (e.g. the random
phase approximation) is limited, particularly in low ionic
strength solvents.7,15 Scaling models, following the pio-
neering work of de Gennes and co-workers16–21, provide
a relatively simple and useful framework to understand
polyelectrolyte behaviour, and are particularly success-
ful in predicting the conformational properties of flexi-
ble polyelectrolytes in solution.22 The scaling treatment
of polyelectrolyte dynamics on the other hand displays
poorer agreement with experimental results.22–27
In salt-free or low ionic strength media, polyelec-
trolytes adopt highly extended conformations22,26–35,
meaning that their solutions are above the overlap con-
centration (c∗) for most practical applications. While the
overlap concentration of polyelectrolytes is much lower
than that of non-ionic polymers, especially for high de-
grees of polymerisation (N), the entanglement concentra-
tion (ce) is only weakly dependent on charge fraction
26,36.
As the result, there exists a wide range in the N − c
phase space where polyelectrolytes are in the semi-dilute
non-entangled regime (c∗ < c < ce).22,26,27 For example,
sodium polystyrene sulfonate (NaPSS) with N ' 2000
displays ce/c
∗ ' 103 in salt-free water. By comparison,
ce/c
∗ ' 10 for polystyrene with equivalent degree of poly-
merisation in good solvent.26
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Single chain diffusion measurements provide an impor-
tant test to the microscopic description of polymer dy-
namics put forward by various theories37,38. In the con-
text of polyelectrolytes, chain diffusion has been stud-
ied primarily in the excess salt, zero polymer concentra-
tion limit by dynamic light scattering39–41, as well as by
NMR, fluorescence methods and centrifugation in the in-
finite polymer dilution limit, both in salt-free and excess
added salt22,42–47. Measurements above c∗ have received
far less attention48–50, and most experimental data come
from two studies by Oostwal and co-workers49,50, who
investigated the molar mass, polymer concentration and
added salt concentration variation of the diffusion coef-
ficient of NaPSS in D2O. Studies on solvent, counter-ion
and co-solute diffusion in polyelectrolyte and ionomer so-
lutions and gels have also been reported.51–59
Rheological data, particularly the zero shear-rate vis-
cosity of solutions, provide a complementary test to the
macroscopic dynamics of polyelectrolytes18,22–25,36,60.
Due to the relative ease with which such mea-
surements can be carried out, a vast literature
on the viscosity of polyelectrolytes exists, covering
a wide range of polyelectrolyte types61–63, molar
masses23,63–65, charge densities66–68, solvent quality69,
dielectric constant60,70–72 and added salts27,73–78.
The viscosity of polyelectrolyte solutions was first stud-
ied by Fuoss and co-workers79,80, who observed a linear
dependence of the reduced viscosity (ηred) and the on
the square root of the polymer concentration for poly-4-
vinylpyridine derivatives in water-ethanol mixtures. Sim-
ilar behaviour was observed for many other systems and
eventually became known as the Fuoss law25,81. A theo-
retical explanation for this unusual dependence was first
put forward by de Gennes’ and co-workers16, and later
incorporated into the theories of Yamaguchi et al82 and
Dobrynin et al19 among others. Boris and Colby23 iden-
tified significant deviations from the Fuoss law for NaPSS
in DI water, and after a careful review of literature
data concluded that much (but not all) of the observed
behaviour could be attributed to artefacts related to
shear thinning and/or salt contamination.23 Deviations
to stronger power-laws have also been reported for other
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2systems27,29,83–85. Recently, an extensive analysis of lit-
erature data for the viscosity of non-entangled NaPSS25
in salt-free water showed that the power-law exponent of
the specific viscosity with concentration increases with
increasing polymer concentration, and agrees with the
Fuoss law only for c . 0.05 M. The origin of the concen-
tration dependence of the viscosity-concentration expo-
nent could however not be established as viscosity and
diffusion data were in apparent conflict.22,25,49,50
While it is common to treat solvent dynamics as
independent of polymer concentration, it is known
that the addition of polymers, salts, co-solvents or
nanoparticles alters the cohesive energy between solvent
molecules59,86–91. The structuring of water by solutes
with ionic groups in particular has received renewed at-
tention over the last few years, as recent results indi-
cate that nuclear quantum effects92–94. This leads to
changes the thermodynamic and transport properties of
solvents, a feature that is not considered by continuum
theories such as Rouse-Zimm models. Experimental find-
ings show that addition of polymers to a solvent leads
to a slow-down of solvent dynamics, which can be cap-
tured based on obstruction or free-volume models.95–97
Other effects not included in the scaling theories are
the influence of counterion solvation and polyelectrolyte
clustering9,98–103. The impact of these on the dynamics
of polyelectrolytes is not well understood at present.
The purpose of this work is to present new results for
the viscosity and diffusion coefficient of NaPSS in salt-
free solution as a function of polymer concentration and
molar mass, and to compare these with scaling predic-
tions. The paper is organised as follows: we first out-
line the scaling theory of non-entangled salt-free polyelec-
trolytes and review the available experimental data. We
then present diffusion and viscosity results for NaPSS and
show that scaling can account for most experimental ob-
servations if a concentration dependent monomeric fric-
tion coefficient is assumed. Possible explanations for the
strong concentration dependence of the monomeric fric-
tion factor are considered. We discuss significance of the
product of the viscosity increment and the diffusion coef-
ficient, and show that it can be used to obtain quantita-
tive estimates of the dimensions of non-entangled chains.
Some observations, particularly a discrepancy between
the theoretical and experimental N− dependence of the
specific viscosity22 remain unexplained.
II. LITERATURE REVIEW
A. Polyelectrolyte Scaling
Polyelectrolytes in dilute solution adopt a rod-like con-
formation with an end-to-end distance of R ' b′N ,
where b′ is the effective monomer size and N the de-
gree of polymerisation.19,23,26,27,104 The overlap concen-
tration scales as c∗ ' N/R3 ' b′3N−2. For c > c∗
polyelectrolytes interpenetrate, forming a mesh with size
ξ ' b′3c−1/2, also known as the correlation length.
Their conformation is a random-walk of g = (c/c∗)1/2
correlation blobs, with an end-to-end distance of R '
ξ(L/ξ)1/2 ' b′1/4N1/2c−1/4.22
The scaling theory of de Gennes and co-workers’ treats
semidilute polyelectrolyte chains as Rouse chains made
up of correlation blobs.16 In salt-free solution, each cor-
relation blob assumes a rod-like conformation with diam-
eter dC and length ξ. The scaling theory approximates
the friction coefficient as:
ζξ = (Fβ)ξ (1)
where F is a shape factor (F = 6pi for spheres) and β
is a coefficient related to the local friction experienced
by polymer chains. Scaling assumes F = 1 and β = ηs,
where ηs is the viscosity of the solvent.
19
The Rouse model expects to total friction coefficient
to be that of a single correlation blob multiplied by the
number of blobs in a chain:
ζR ' Nb
′
ξ
ζξ = (Fβ)b
′N (2)
which Dobrynin et al’s model expects to be concentration
independent.7,19,81
The Rouse diffusion coefficient of a chain is obtained
via the Einstein-Smoluchowski relation:
DR = kBT/ζR ' (Fβ)−1 kBT
Nb′
(3)
where kB and T are the Boltzmann constant and the
absolute temperature respectively.
The chain’s relaxation time is τR ' R2/D so that:
τR '
 (Fβ)
b′3/2N2c−1/2
kBT
scaling
1
29.6 (Fβ)
b′3/2N2c−1/2
kBT
Rouse
(4)
where the factor of 3pi2 ' 29.6 in Eq. 4b was calculated
by Rouse, and is not usually included in scaling theories.
In the absence of entanglements, the terminal modulus
of a single chain is ' kBT and that of a solution is:
G ' kBTcN .19,22 The polymer contribution to the viscosity
is estimated as the product of τR and G:
η − ηs '
{
(Fβ)b′3/2Nc1/2 scaling
1
36 (Fβ)b
′3/2Nc1/2 Rouse
(5)
Equations 1-5 with F = 1 and β = ηs correspond to
Dobrynin et al’s scaling model. In section V we evaluate
the value of these parameters as a function of polymer
concentration and molar mass.
B. Experimental results on polyelectrolytes
We now turn our attention to the experimental re-
sults from the literature, specifically for NaPSS in wa-
ter, the most extensively studied polyelectrolyte system.
The conformational properties of NaPSS in salt-free so-
lution are in nearly quantitative agreement with the scal-
ing predictions22, but larger deviations from theory are
observed for dynamic quantities.22,23,25,26 Of particular
interest for this study is the fact that the specific vis-
cosity of NaPSS shows a strong increase with polymer
3concentration beyond c ' 1 M, displaying exponential
behaviour that is not anticipated by Dobrynin et al’s
model.25
We define a function ψ that accounts for deviations
from the scaling prediction as follows:
ψX(c,N) ≡ XE(c,N)
XT (c,N)
(6)
where X refers to the solution property (e.g. X = ηsp,
D), and the subscripts E and T refer to the experimental
result and the theoretical value respectively.
For X = ηsp, two recent studies
22,25 of semidilute, non-
entangled NaPSS solutions showed that ψ could be writ-
ten as ψη(c,N) = A0ψη(N)ψη(c), where
ψη(N) ' N0.25±0.05
and
ψη(c) ' (15/16)e1.4c + e1.3c2/16
where c in units of moles of repeating units per dm3
and A0 is a c− and N− independent constant of order
unity.22,25
The function ψD(c,N) displayed a more complex de-
pendence, with the c and N parts not being separa-
ble. At low polymer concentrations ψD(c,N) ' 1 is
observed. The divergence between ψD(c) and ψη(c) is
somewhat surprising, as the simplest explanation for a
N−independent slow-down of non-entangled polymer dy-
namics at high concentrations is an increase in the local
friction experienced by polymer chains, which would af-
fect both functions in precisely an inverse manner (i.e.
ψD(c) = [ψη(c)]
−1).
In contrast to ψη(c,N), which was determined from
data originating from nearly 20 different literature
sources22,25, the evaluation of ψD(c,N) was carried out
using the results of only two studies. In the current pa-
per, we present new data for the diffusion coefficient of
NaPSS in salt-free solution in order to compute ψD(c,N)
over a wider range of c and N . We show that the ψη(c)
and ψD(c) functions are consistent with the scaling the-
ory coupled with a c−dependent β, but the origin of this
dependence remains unclear.
III. MATERIALS AND METHODS
Materials: Sodium polystyrene sulfonates with weight-
averaged molar masses of Mw = 9.7, 14.9, 20.7, 29.2,
63.9, 148, 151 and 259 kg/mol were purchased from Poly-
mer Standard Services (Mainz, Germany). DI water was
obtained from a Milli-Q source. D2O was purchased from
Sigma-Aldrich (conductivity 2 µS/cm. Samples were pre-
pared gravimetrically and stored in plastic vials.
Rheology: A Kinexus-Pro rheometer with a cone-and-
plate geometry (40 mm diameter, 1◦ angle) or a plate-
plate geometry (20 mm, gap 0.4 mm gap) was employed
for the steady and oscillatory shear experiments.
Pulsed-Field Gradient Nuclear Magnetic Reso-
nance (PFG-NMR): 1H NMR diffusion experiments
Mw (g/mol) c
∗
η (M)
a c∗ (M)b pdc
9.7× 103 5.1 ×10−1 1.04
1.49× 104 2.2 ×10−1 1.04
2.07× 104 1.1 ×10−1 1.05
2.91× 104 5.9 ×10−2 5.7 ×10−2 1.06
6.39× 104 1.2 ×10−2 1.2 ×10−2 1.04
1.48× 104 2.0 ×10−3 2.2 ×10−3 1.04
2.61× 104 4.9 ×10−5 7.0 10−5 1.02
TABLE I. Molar masses of sodium polystyrene sulfonate used.
a c∗η is determined from the ηsp(c
∗) = 0.67 criterion, as de-
tailed in ref. 26. b Estimated as c∗ = 1240N−1.8, see ref. 26.
Data for the four highest molar masses are from ref. 25. c
Value for polystyrene before sulfonation.
were run on a 500 MHz Bruker Avance NEO II spec-
trometer with a Bruker DIFFBBI probe head. All mea-
surements were performed at 298.15 K. The polymers
were dissolved in D2O to suppress the water signal and
to obtain a lock signal in the NMR experiment. 5 mm
NMR tubes were filled with 500 µL of polymer solution.
For all measurements, the stimulated echo pulse sequence
combined with two gradient pulses was used. Thirty-two
scans were accumulated for each gradient setting. The
time delay between two gradient pulses ∆ was set to 25
ms. The gradient pulses were adjusted to strengths G
between 5 and 500 G/cm with a duration δ = 1.0 ms.
All measurements (the full set of gradient strengths un-
der the variation from 5 to 500 G/cm) were repeated four
times.
IV. RESULTS AND DATA ANALYSIS
PFG-NMR can be used to study molecular diffusion
in solution105,106. The PFG-NMR technique combines
FIG. 1. Stejskal-Tanner plot obtained from the PFG-NMR
measurements for NaPSS with Mw = 64 kg/mol at varying
concentration. The slope of the straight line gives the negative
value of the diffusion coefficient of the investigated molecule.
4FIG. 2. Left: Diffusion coefficient of NaPSS samples in salt-free D2O as a function of polymer concentration. Right: Specific
viscosity for the same NaPSS samples in H2O. Viscosity data for samples with Mw = 29.4− 261kg/mol are from ref. [ 25].
the ability to reveal information on the chemical na-
ture as well as on the molecular or collective transla-
tional mobility of the individual components. The ob-
served molecules, may be assigned to a structural part of
the dispersion depending on its characteristic motional
behaviour.107,108 In a homogeneous solution, the free self-
diffusion coefficients of the dissolved molecules can be
determined with the PFG-NMR. In the given case, all
PFG-NMR experiments consist of the application of two
field gradient pulses combined with a stimulated echo
pulse sequence (90◦-τ1-90◦-τ2-90◦-τ1-echo). The pulse
gradients with a gradient strength G and duration γ are
applied during both of the waiting periods τ1 with an
overall separation ∆. In the presence of free diffusion
with a diffusion coefficient D, this leads to a decay of the
echo intensity I with respect to the original value I0 (for
G = 0) according to:
I
I0
= Irel = e
−γ2δ2G2(∆−δ/3)
with γ being the gyromagnetic ratio of the hydrogen
nucleus. The value of the apparent diffusion constant
Dapp is equal to the negative slope of the data points
in the Stejskal-Tanner plot (ln Irel versus γ
2δ2G2(∆ −
δ/3)).107,109,110
Plots of the decay of the echo intensity for the NaPSS
sample with Mw = 63.9 kg/mol for different polymer
concentrations in salt-free D2O are shown in Figure 2.
The DOSY spectra for the sample is shown in the SI.
The viscosity data did not display any appreciable
shear thinning over the shear rate range probed (1-
600s−1), as expected given the relatively short relaxation
times of the low molar mass polymers studied22.
V. DISCUSSION
A. Calculation of ψ(c)
Figure 2 displays the diffusion coefficient and specific
viscosity of NaPSS as a function of polymer concentration
in salt-free aqueous solution. The data follow the scaling
predictions at low concentrations D ∝ c0 and ηsp ∝ c1/2,
followed by a sharp decrease in D and increase in ηsp in
the high concentration region.
FIG. 3. Top: Comparison of ψη and ψD for PSS with
Mw = 6.34× 104 g/mol. Bottom: Concentration dependence
of [ψη(c)]
−1 for PSS with different molar masses.
As discussed in the introduction, the simplest expla-
nation for the observed deviations from scaling, which
are quantified by the function ψ(c) is to assume a
concentration-dependent friction coefficient β. This in-
5terpretation leads to two requirements: First, following
Eqs. 3, 5 and 6, a change in local friction is expected
to affect the diffusion coefficient and viscosity inversely,
so that ψD(c) = ψη(c)
−1 = β(c)−1. Second, because lo-
cal properties such as the monomeric friction coefficient
are insensitive to the overall chain length, the shape of
ψ(c) must be N−independent. Note that the second
requirement does not necessitate that ψ(N) = 1, but
ψ(c)/ψ(c → 0) ∝ N0. An alternative interpretation,
were F is assumed to vary with concentration, is dis-
cussed in the next section.
Figure 3a compares ψD(c) and ψ
−1
η (c) for NaPSS sam-
ples with Mw = 6.39 × 104 g/mol. The agreement be-
tween the two functions is superb. This contrasts with
the findings of an earlier study25, where the same viscos-
ity data were compared with diffusion data by Odijk and
Ooswald49.
The independence of ψ(c)/ψ(0) on N is verified in Fig.
3b for ψη(c) of three different molar masses. ψη(c) is
calculated by dividing experimental data for ηsp by Eq.
5 and adjusting the lowest concentration to 1 for the
Mw = 1.48×105 g/mol sample. For the Mw = 2.94×104
and 6.39×104 g/mol samples, data at sufficiently low con-
centrations to observe a plateau in ψη(c) are not available
and we therefore normalise the lowest concentrations to
the Mw = 1.48×104 g/mol sample. Very good agreement
is observed in Fig. 3b over the entire concentration range
considered, supporting the ψη(c) = β(c) interpretation.
B. The shape factor F
1. Hydrodynamic models
A quantitative comparison of scaling laws with dy-
namic data for polyelectrolytes requires a precise knowl-
edge of F . As the quantities β and F only appear as a
product in the scaling laws outlined in the introduction,
their individual evaluation is challenging. We proceed
as follows: at low polymer concentrations, we suppose
that solvent dynamics are not modified by the polymer,
which in turn means that β = ηs is a reasonable assump-
tion. Using previously reported SANS measurements of
the correlation length111 and effective monomer size112,
we estimate the friction coefficient of a correlation blob as
ζξ = ζRξ/(b
′N) = ζR(33c−1/2)/(1.7N).22 Figure 4 plots
the concentration dependence of ζξ for NaPSS samples
with Mw = 148 and 29.1 kg/mol. Our data for other
molar masses and Oostwal and co-workers’s data49,50 for
fall in between these values, and are generally closer to
the triangles, see the supporting information for more de-
tails. A comparison is made with the friction coefficients
calculated Eq. 2 using the scaling value of F = 1 and
that of a cylinder, which is given by113:
FIG. 4. Comparison of friction coefficient of correlation blobs
Eq. 2 for different values of F . Full blue lines is for F calcu-
lated with Eq. 7 (L = ξ, dC = 8A˚) and full black line is for
F = 1, as expected by scaling. Dashed lines are multiplied by
factors indicated to match data for NaPSS with Mw = 29.4
kg/mol.
Fcyl(L, dC) ' 3pi
[
ln
( L
dC
)
+ 0.312 + 0.565
(dC
L
)
−0.1
(dC
L
)2]−1 (7)
where L and dC are the length and the cross-sectional
diameter of the cylinder respectively. The former can be
identified with the correlation blob and the latter is taken
to be 10 A˚.112
Using either the scaling value of F = 1 or Fcyl(ξ, dC)
fail to describe the data quantitatively. Setting F = 4−5
instead correctly describes experimental results for c '
0.02 − 0.2, see also Table II. At higher polymer concen-
trations, the downturn in the friction coefficient can be
assigned as discussed in the preceding section, to an in-
crease in β with increasing polymer concentration.
Alternatively, using Eq. 7 could account for results if
Fcyl is multiplied by a factor of 1.4-2 (see dashed line).
Under this scenario, ψ(c)D for c . 0.4 would be entirely
explained by the concentration dependence of F , with
β ' ηs in that concentration range. Inserting Eq. 7
into Eq. 5 predicts a power-law exponent for the spe-
cific viscosity with concentration stronger than 0.5 at low
polymer concentrations, which is inconsistent with the
experimental data for the viscosity of NaPSS22,23,25,26.
Conductivity data114–117 on the other hand display a log-
arithmic dependence on polymer concentration in dilute
solution, which is interpreted as arising from the first
term in the square brackets of Eq. 7.
It is possible to reproduce the experimental value of
F ' 5 with the cylinder friction factor if a constant
ξ/dC ' 10 is assumed. Such behaviour could arise if,
6for example, the ionic cloud around the polyelectrolyte
backbone causes the hydrodynamic cross-sectional radius
of the chain to increase with decreasing concentration as
dC ' 1/
√
c.
Model F Fexp/F
Sphere 6pi '4
Cylinder 3pi[ln(ξ/dC) + 0.312 + 0.565(dC/ξ)−
0.1(dC/ξ)
2]−1
1.7-2.4
Zimm 5.2a 1
Scaling 1 5
Experiment ' 5± 1 1
TABLE II. Comparison of theoretical and measured values
for shape factor F , see figure 4 for the experimental determi-
nation of F . a for Gaussian chains with R = ξ.
2. Comparison of dilute and semidilute chain diffusion
The scaling assumption to calculate polymer dynam-
ics is that chains display dilute-like behaviour (Zimm dy-
namics) for distances smaller than the correlation length
and melt-like behaviour (Rouse dynamics) on larger
length-scales. Figure 5 tests this assumption by com-
paring the friction coefficient of correlation blobs (red
symbols) with those of dilute chains of the same length
(blue symbols). Both datasets are seen to differ by a fac-
tor of ' 1 − 1.5, supporting the validity of the scaling
theory.
FIG. 5. Comparison of friction coefficient of correlation blobs
with that of dilute chains of the same end-to-end distance.
Blue symbols are for dilute solutions of NaPSS in salt-free wa-
ter: Triangles are Oostwal and co-worker’s data, extrapolated
to zero concentration and diamonds are Xu et al’s fluorescence
measurements34,118,119. Red symbols are ζξ for NaPSS with
Mw = 29.1 kg/mol (circles) and Mw = 248 kg/mol (squares),
full lines are power-laws of 1, predicted by scaling and dotted
line is the diffusion coefficient of a cylinder with dC = 10A˚.
C. Calculation of ψ(N)
Figure 6a compares the dependence of the specific vis-
cosity on the polymer molar mass with the Rouse pre-
diction of ηsp ∝ Mw. As discussed in earlier work22, a
power-law of ηsp ∝M1.25w is seen to give a better descrip-
tion of the experimental results over the entire Mw range.
An earlier study has shown that this power-law persists
well into the dilute region, which is at odds with the
scaling assumption of Zimm dynamics in dilute salt-free
solution.26 The diffusion coefficient, plotted as a function
of Mn in Fig. 6b, appears to follow the Rouse predic-
tion of D ∝ M−1, with no apparent change in scaling
across the overlap degree of polymerisation. The D vs.
Mn dataset does not cover a sufficiently broad range of
degree of polymerisation to distinguish between a power-
law of D ∼ N−1 or D ∼ N−1.2. The same dependences
are observed at higher concentrations of up to c = 1 M,
see the SI.
FIG. 6. Top: Mw dependence of specific viscosity for NaPSS
in salt-free water with c = 0.03 M, data are from this work and
literature references compiled in ref 22. Bottom: Diffusion
coefficient as a function of number-averaged molar mass for
the same concentration as top panel. Full symbols are data
from this work and hollow symbols are by Oostwal et al49.
7D. Comparison with models of solvent dynamics
The preceding discussion suggests that the sharp drop
in ψD(c) ' ψ−1η (c) cannot be accounted for by either the
influence of entanglements or hydrodynamic corrections
to the shape factor F .
The simplest explanation therefore appears to be a
slow down in the solvent diffusion with increasing poly-
mer concentration. This phenomenon has been observed
for many polymer solvent systems, and might be partic-
ularly strong for polyelectrolytes due to the ordering of
water around the ionic groups120–123. In this scenario
the scaling laws outlined in section II A need to be ap-
plied with β(c) > ηs. Several theories of solvent diffusion
in polymer solutions have been put forward in the lit-
erature. Mackie and Meares95 developed an obstruction
model which expects the solvent diffusion to depend on
on the polymer volume fraction (φ) as:
Ds(φ)
Ds(0)
=
[1− φ
1 + φ
]2
(8)
Equation 8 has been shown to correctly describe
the dependence of Ds on polymer concentration for
a large number of polymer-solvent pairs, including
polyelectrolytes59.
Fujita introduced a model where the free volume avail-
able per molecule is estimated as an additive contribution
from solvent and solute96:
fv(φ, T ) = φf(1, T ) + (1− φ)f(0, T ) (9)
where fv is the total free volume of the solution and
f(1, T ) and f(0, T ) are the free volume of the pure poly-
mer and solvent respectively. Models based on Fujita’s
concept of additive free volume predict:
D ∼ e−B/fv (10)
where B is often taken to be a constant of order unity.
The Vrentas-Duda model gives a similar prediction, but
B is a function of polymer concentration B = (1−φ)/ρs+
k1φ/ρp, where ρ is the density and the subscripts p and s
refer to the polymer and solvent. k1 is a constant specific
to each polymer-solvent system.124
Figure 7 compares the concentration dependence of ψη
with Eq. 8. The latter is shown to predict a much weaker
dependence of solvent dynamics on concentration than
what is observed for NaPSS chains. Free volume mod-
els give a similarly weak dependence of the friction co-
efficient with concentration. The various terms in Eq.
9-10 could in principle be evaluated from the tempera-
ture dependence of the viscosity as a function of polymer
concentration. Such data have proven useful when in-
terpreting the dynamics of salts, proteins, nanoparticles
and polymers in solution.87,90,91,97 Unfortunately, with
our current setup, evaporation prevents us from measur-
ing the solution viscosity over a wide enough temperature
range to evaluate our data according to the procedures
outlined in refs86,97,125.
The diffusion coefficient of the sodium counter-ion in
salt-free solutions of NaPSS, reported in refs. [ 126,127]
does not show a concentration dependence up to c ' 2
M, beyond which a sharp drop, similar to that of NaPSS
chains is observed. The independence of DNa+ on con-
centration up to c ' 2 M supports the idea of a weak
concentration dependence of the solvent diffusion.
FIG. 7. Concentration dependence of ψ−1η for NaPSS with
different molar masses along with Eq. 8 (blue line). The
diffusion coefficient of Na+ counterions normalised to its value
at c = 0 is plotted as circles, data are from refs. [ 126,127].
Other effects, including the influence of coupled
chain motion119 or hydrophobic clustering128 may af-
fect the shape of the ψ(c) function, but we do not
have a way of quantifying them at present. At
high polymer mass fractions, the dielectric constant of
polyelectrolyte solutions varies non-monotonically with
concentration115,129, which is expected to affect polyelec-
trolyte conformation130. This feature, along with a pos-
sible breakdown of Debye-Huckel screening131,132 may be
related to the observed increase in the osmotic coefficient
for NaPSS and other polyelectrolytes beyond c ' 1.2
M,133,134 concurrent with a change in the scaling of the
correlation length from ξ ∼ c−1/2 to ξ ∼ c−1/4.135,136
While these observations suggest a cross-over to a con-
centrated regime, the conformation of NaPSS displays a
monotonic decrease in Rg with increasing polymer con-
centration up to c ' 4 M, which closely the predictions
of the scaling theory22.
In summary, the above observations suggest that the
monomeric friction factor of NaPSS exhibits a strong con-
centration dependence beyond c ' 0.1 which cannot be
assigned to a change in solvent dynamics or the influence
of entanglements. Interchain friction therefore appears as
the most likely cause for the strong exponents observed
for the viscosity and diffusion coefficient of NaPSS.
Our findings are consistent with data for sodium poly-
methacrylate (NaPMA) in non-entangled, salt-free D2O
solution137,138, which show a decrease in the single chain
8diffusion coefficient of of NaPMA relative to that of the
solvent for c & 0.05 M. The ψη(c) function calculated
for their data shows agreement with our results, see the
supporting information. Diederichsen et al’s data for the
diffusion of polysulfone ionomers (PSU) in DMSO139,140
display qualitatively similar behaviour to the data pre-
sented in this paper: the viscosity and diffusion coeffi-
cient of PSI display a sharp increase and decrease re-
spectively at high polymer concentrations. These fea-
tures cannot be fully accounted for by changes in solvent
dynamics, as their measurements show that DMSO dif-
fusion slows down only modestly at high polymer con-
centrations. Entanglement can also be ruled out given
the low degree of polymerisation of the PSU chains
and the observed exponents of D ∼ N−(1.1−1.2) and
ηsp ∼ N1−1.2.
E. Estimating chain dimensions from viscosity and
diffusion data
The Rouse model relates the viscosity, diffusion and
chain dimensions of non-entangled chains as:
kBT
R2g
6N
=
(η − ηs)D
c
K (11)
where K is a factor that accounts for polydispersity
effects141. The scaling theory gives the same result as
Eq. 11 but with the left hand side multiplied by a fac-
tor of 36. Equation 11 has been shown to work within
10-20% accuracy for non-entangled neutral polymers in
concentrated solutions and in the melt.142,143
The advantage of Eq. 11 is that it relates static (Rg)
and dynamic (D, η) experimental observables in a way
in which the effects of local friction, quantified through
parameter Fβ, are cancelled out.144 Figure 8 compares
the chain dimensions of NaPSS calculated from Eq. 9
(blue symbols) with those directly measured by SANS,
see ref. 22 for a compilation of the SANS data. Very
good agreement is observed between the two methods
over the entire concentration range studied, demonstrat-
ing the validity of the Rouse model for salt-free poly-
electrolytes. Table III compares estimates for the chain
dimensions of NaPSS using the Rouse model, the scal-
ing formula based on the correlation length and direct
measurements by SANS. The three estimates are seen to
agree within experimental error.
VI. CONCLUSIONS
We have studied the diffusion and viscosity properties
of NaPSS in salt-free aqueous solution as a function of
degree of polymerisation and concentration. We show
that while D and η depart from scaling predictions, their
product does not, suggesting that the observed differ-
ences between theory and experiments are due to a con-
FIG. 8. Concentration dependence of the chain dimensions
of NaPSS in salt-free solution calculated from Eq. 11. SANS
data follow the compilation of 22, data for c < 0.07 M are
extrapolated.
Method R2gc
0.5/N (A˚2)
ξ(L/ξ)2/6† 9± 1
(η − ηs)DK/(6ckBT ) 14 ± 3
SANS 12 ± 2
TABLE III. Comparison of calculated and measured values
for chain dimensions of NaPSS. † Assuming and effective
monomer length of b′ = 1.7 A˚. For a discussion of SANS
data see ref.22 and references therein.
centration dependence of the friction coefficient of cor-
relation blobs. Free volume theories96 and obstruction
models95 do not account for this dependence. The fric-
tion coefficient of correlation blobs and dilute chains of
equivalent length are shown to be nearly identical, in
agreement with scaling.19 The Rouse model gives a quan-
titative description of non-entangled polyelectrolyte dy-
namics, as evidenced by the fact that (η − ηs)D//c can
be used to calculate chain dimensions in agreement with
SANS measurements.
Overall, scaling gives a good description of non-
entangled polyelectrolyte dynamics. One exception is the
exponent for the molar mass dependence of the specific
viscosity in salt-free solution, which deviates from theo-
retical predictions.22 Further, a molecular understanding
of the concentration dependence of the friction coefficient
is also still lacking.
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